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ANALYSIS OF SIDEBAND SPECTRA FROM UNTAPERED
UNDULATOR USING ANALYTICAL TECHNIQUE*

HARUNORI TAKEDA, NIS-13531

h Alamos National Labutory, Los Alamofl, IVJ1187545

The sideband spectrum appearin gin the free-electron Iaseris analyzed, For

an untapercd undulator, we predict the wavelengths of local peaks arising from the

sidebands; they are compared wit h numerical simulations. In our analytical theory,

three laser-driving terms are derived: One term does not. chirp in frequency, drives

a number of sidebands simultaneously, and is always the stron~est term with a

fixed strength. The other two driving terms, which also drive mult iplc frequencies,

chirp to both directions from a resonant frequency. We assume that the siclehands

originate from a dipole oscillation of average electron energy where the average

energy oscillates with the synchrotrons oscillation frequency.

I. Introduction

Sidebands reduce the extraction efficiency and the gain 01 a free-elect roll last r

(F!3L) with a

au uutapcrecl

an oscillator

tapered unclulator. On the other hand, the siclelxulds occurring in

FEL unduiator increase the extraction efficiency ant-l the gain, hi

xperimcnt, the laser light. is alnplified between two Inirrors. In t Ilis

paper we disc[lss the spectral characteristics of sidebanck OCCIi. :ing in the (Illt aprrecl

~llldulator and the !ocal pinks of tile ‘aaer spectrunl when ncw sidebands are excited

aild their intensities arr incrmumrl as the pnss numlm of the Imqm rarliat ion ill the
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well, Using this theory, we derive the frequency separation of each sidel~ancl and a

relation between the spectral chirping of average int emit y ancl the syncllrot rcm fre-

quency. The spectral chirping can I)e expressed in terms with the undulator length

and the synchrotrons length. \Ve also show that the t.wo sicleband driving terms arise

from a single resonant frequency which splits in opposite directions.

To confirlll the picture of sidebands ol>tained frolll t l~e a]lalyt ical st utly, we

simulated an FEL oscillator experiment (Ising a one-dimensional FEL code, FELP, *

assuming thai no laser intensity is lost in the optical cavity. An ul]tal>ered undu-

lator is placed at the center of the cavity. The l~cr in the Inultipaas numerics!

simulation starts with noise characterized by wide I]anclwidth, random pl~ase, and

random amplitude, The starting interi~ity is set such that it induces the synchrotrons

oscillation with a period greater than the undulator length. Laser spectra are cal-

culated by taking snapshots at sevmal pass numbers, Tlleu, the local peaks of the

spectra are compared to the predicted peaks from tile al]alyt. ical expression,

2. Model of sideband

It is generally accepted that the sideband is driven by a periodic Ilmtion of

rlect. rons in the bucket. The sideband appears ill the I=er spcctrl.l~n M an added

frequency in addition to tile f~lndnmental freq~wncy. To l~avr gail~ at the siclelmnd

frcq~lency, t hc laser mllst Im drivel~ hy the trnnsvm~e mot ion of clwt rons ~t t l~~t

frequency, Therefore, the transverse motion of t hf. electrons mltst possess shlclmnd

frquencim. TIIe t ransvrrse veloclty and t Ile tot al elect roll ●nergy arc r<latccl l~y

/3~ = ~] (where a is t.lw transverse dilllcllsimllms vt=ctor potential of t I;c field ).

Wllel] t I]e clcctro!ls nrc Iocalizwl al~d mciliat e ill t Ilc Im)git [Idinnl ~)llmw Rpncr, t Ilr

tlrwlsvmse Illotiol) r?sult il]g frmll t lW mcilldion drivm t Iw ,wwr ficlfl n! t Ilc C(JIrr-

sponcling sidclmllcl frequencies.
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When an electron beam with a small energy spread enters an Ilndlllator. t Ile

electrons see a nunll)cr of I)tlckets: each I)ltckc=t corresponds to a Ijllckct 0[ a par-

ticular laser freqllency and phase, However, the energy transfer from the rlect rons

to the laser is nlaxilnuln where the l~eak gain is equal to t lle elect ron- l~eam energy.

Also, a liner field with shorter wavelength Ilaving a negative gai]l at tl~e elect roll-

beam energy (as created by spontaneous enlission or noise) gives energy :0 the

elect ron bemn. Tllrn tile energy is transferred from a short wavelengt 1] to a Iollg

fullclanlent.a] wavc]engtll.

Because tl]e energy at which peak gain occurs for the fundamental is lligller

than tile beam energy, the average energy of I lle electrons is Iligller t lla]~ the re.=o-

nant energy of t hat lxlcket. The average energy of the electrons oscillates around

tl~e resonant particle of the Imcket. This oscillation freq[tency is al]proxinlately tile

synchrotrons frequency with respect to that bllcket. As Llle anlplit, tide of the fllnda-

Il]ental increases and sidelm.nds are generated at longrr wavclcngtllsi, lower resonant

energies of correspol~ding I]uckets from sidebands reduce the oscillation crntel of

the average electron energy, and a furt l~er cletrapping from the Imcket of the full-

CIan]ental occurs. This action causes R net positive gain and increased efllciellcy for

an [Intalwred undulator,

Tile cllergy of the jtll clectroli as a function of tinlc= can I>e apl)roximated ~



from the emerging buckets resulting from the presence of sidebands. The p!mse

distribution of the electrons contrilmtes gain to both f~mdamental and sidebands,

but it does not directly drive the sidebands.

Substituting Eq. (1) into ~1 = ~ , and assuming that the rat io of bucket

height to the resonant energy is small, one obtains the following transverse electron

velocity modulated by the synchrotrol] oscillation:

/3= = au,
Cos(ku)d, ct + 40)

[
~o 1 + :Cos(w, t+c$,) 1

a,,,

{

2eJ(Ut+@O) _ uej[(w-w,)~-d.+do]

}

_ ~ej[(w+w. )fF@.+@Ol + ~.~’t ,(2)

= & 70 70

where the electron transverse frcq[wncy is w =: ckw~z, and <’.C!. mea]ls t-onlplex

conjugate.

Eq~lat ion (2) states that the electron transverse motion, in fact, has +u,

modulated frequency components. The radiation field is driven by the transverse

elect roll current, and two side!~ands are driven by the transverse nmt iol~, The

st religtll of each com!}onent is I]le=urwl I)y tl~e relative energy *. A sidel~alld

colnpol~,cl]t is winker than tl~e fundnulmlttd l)y a factor ~~ , wl]icl~ is, at nwst, n

gain bandwidth of the

3. Single frequency

dulator

unclulfi! or,

component of sectral equation for an untapered un-



We include the sideband in the

tions that, relate the variables r

(3)

laser eqllatioll as follows: using the following rela-

and =1 to the variables t and z,

pzc ~
~=~1 +—

l–p.

and
1

t=~+ — r,
c I–pz

6,
we substitute the second equation above into E(I. (l)! Uld uslllg ~lj = l–.,, , the

spectr~ly decon]posed fieldq[lation can be approximated to first order in ~. The

ith laser wave-number component in the right-hand side (RHS) of tile spectrally

decomposed laser equaiion is then given by (see Ref. 1 for definition of terms)

(4)

Illultip’ic+ by a crmstallt A’* ~j~. (Tlw ~bl]rrviat ion 1{.C. stands for Hcrnlitiml

collj{~gate. ) In tlm RHS of tile spectral field cq(lation, the tta]]er-~lel>el~(lrilt term



(5)

where
w,C)C’-UJ=LJ1+U

I–flz, “
(6)

The first and secol~d terms on the RHS are present even without, synchrotrons

oscillation, The third and fourth terms, which have a multiplier of synchrotrons

oscillation, represent the effect resulting from the synchrotrons oscillation,

We multiply by e-id’ and separate real and imaginary parts. The real part

gives an equation for phase:

(j



Sillblv

b ‘W “tv

(7)

The imaginary part gives an amplitude equation:

Sinfill,
..—

61” “w “

(8)

In both the eunplit ~lde and the phase equation, t Ilerc are two types of freqllellcy -

dcpemlent terms. They are

Sillblv
———

b’ ‘
Sill(.Yiu + #~)! ancl CO.(.Ytp + @i)!

Iv

wl,crc .Yiv and diu are given by



and

6ip = +; [@i – (Up – V’.4’S’)],

where v = O, +1, and – 1 .

The UP and uS’ are given as

(9)

(lo)

The second expression of Eq. (10) relates the periodic oscillation frequency

WS, such as the synchrot ron frequency, to the corresponding laser frequent y shift

w.’, We note that w!len the laser frequency Wi is equal to the up, then ‘h~,~u takes

its maximum value in the absence of the sidelmncl and, thus, corresponds to the

“resonance conditio u.” To show this, we solve ~i = Up by utilizing the relation

* =4. We obtain

?.
kL =kw —

k P:(1 +?.)72 ~k 272

l–p== w l+a’ “l+a’ “
(11)

When a dominant bucket is formed at Iligh laser intensity, we may assume

that, the laser phase angle changes slowly. One of the effects of the siclel]alld is that

it artificially shifts the !mckct with respect to pha..e, according to the amount of

the sidel]and frequency shift. The spectral function in the driving term is modified

by the sideband with uw~:

sin U [U: — (WP – ~~~ )]

% [Ui - (@p - v~~ )] “

(12)

The shift of the spectral function caused by the sideband is

This equation states that when the frequency chirp caused hy the sideband is

more than Imlf the laser hanrlwidth (synchrotrons period >: undulator length), tile
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driving term passes a node and starts driving the next. I>anclwidtht The strength

of the spect~ al flmction becomes maxi mllm at every n. %Vhell tile siclel>allds are

driven by this chirping mechanism, a new sidrband is enhanced when the chirping

as given by Eq, (13) passes each node.

The wavelength chir?ing of each sideband with respect to the fundamental

can be obtained as follows: Using AL = (l;:=) \, ~, the second part of l?cl. ( 10)

becomes
,Xw 21rc

w: = AWL b +W, = .— .
AL Labnc

(14)
~L

Taking the .“a~io to WL, converting to wavelength using ~q. ( 13), and not-

ing that the driving term has nodes at every n in AWL, we obtain the sideband

separations aa

AAL Aw
—=+—

\ L
m where m : integer > 1 . (1.5)

~L 8vnc

We have included the factor m to represent tile rnt.h sideband. For example, in the

Los Alamos experiment with AW = 2.7 cm and L,v~. = 1 m, the quantity ~ is

calculated to he. 0.3 pm, which is in good agreement with the numerical simulation.

In acldition to the sidebands that chirp fr~ m the resonant frequency as cle-

scrihecl above, there appears another class of sidebands. In the following sections,

we study the individual driving terms clGsely and identify the different, classes of

sidebands,

4. Driving terms neglecting the efFect from the electron bunching

from

Neglecting the common nmltil)licative factors, the driving terms of Ill, (8)

the jth particle hy tile undldator fivld can l~e written U

sin 61O

()

Yb sin ti, u
F = Sill(4Yl~ + di)~ – - – Sill (.Ylu + ~1 – ~ – ~de) ~—

2-p)
. (16)

i Iv

We note that k.. * + +1 is equal to (~L + ~ul): –~Lt + #i, A neg~tive sign in F . {

is included in Eq. (25). The factor q s vu+ ~I–p,J and its ratio to electron phase

9



are relatively small for a 3 cm period and 1 m undulator:

Separating the terms within sin into one term that includes the frequency and

another term that includes the phase angle kw ~ + ~i, Eq. ( 16) is writ tell as

( bj )cos~(w –wP)sin~(w --uP)

(

Sin*Q U–wP)
F = sin kW + di “‘— — Cos kw b) + 4,

)

2(

1 – ?., 2(
zLw —

up)
1 – ?.j

%{~ –up)

-R)si’’(ka+’’”””)cos{~ [w - (b+ - L/W:)]+ L@,} sin~ [w - (w, - @)]

; [u - (Wp - w:)]

(17)

For an ideal untrapered undulator, the resonant imgle is zero. We make the

assulnpticm that the resonant angle kw * + ~i is equal to zero for all Imckets,

including those arising from the sidebands. This assumption is reasonal]le because

the undulator taper determines the resonant angle. With this assumption, a suln

over particles is zero:

p+.l!-jj ++’=0j
The driving expression is further simplified to

(18)

Two driving terms are characterized by the presence or absence of uw~, Tile first

term in Eq. ( 18) has no dependence on w; For the second

displaced hy w:, hut it maintains its spectral shape. Also,

10

term, the spectrlun is

the amplitude of this



term depends on the amplitude of the average energy oscillation, which is expected

to he, at most., a relative lmlf-em?rgy spread of the dominant bucket.

Although tli~ initial phase @, is deterluined by when the electrons effectively

start bunching along the unclu]ator, we call understand tile sideljand cllirl)ing better

by approximating +, = n, By doing so, the lJllase of excited waves frolll the first

“stationary terln” and from the second “chirping term” are equal at. the Iilnit w; = O.

Both terms have the same spectral sllal~e with its cel~ter coinciding at the Iinlit

W; = O at wavelength 10.14 ~un as slmwn ill Fig. 1. The chirping term shown as a

dwdled line. ,~t this limit W: = O, nodes and peaks for both spectra coincide.

Tlie chirping term with v = 1 chirps to a longer wavelength from the center,

and it enhances the amplitudes created by tile stationary term as its peak sweeps

over the local peaks of tile stationary spectrum. Tile chirping term with u = – 1

chirps to a shorter wavelength from tile cellt.er, and it cancels the anlplit.utles created

by the stationary term Ijecause the phase of tile stationary term is opposite to the

phue of I.lle chirpilig term. The stationary terln drives waves at opposite signs with

respect to center.

The stationary term drives siclel~ancls strongly at local peaks that. Iocatc sylll-

metrically from the resonant wavelength. This class of siclvballcls devclopes il,l

c!rpenc!ent]y from tile syncllrotron oscillation. As the total laser power il~cre~ses,

a number of sidebands appears, even wllcn tile ratio of unclulator lellgtll to syil -

chrotron length is al~out one or two,

nlc cl]irping spectruln not only enhances the w~ves excited I},y tlw statiollury

spectrum hut also creates its owu Iocd I)eaks, The frequency of sidelmllt!s drive;l

hy thr cllirl)illg ternls clegellrrates froll~ t Ile Illwill peaks oft Ile statimlm-y terln. T[le

mlloullt, of cl]irp is cletermilwd by Eq ( 13), ‘1’l~epeak or t IIe Inser nllll)lit Ilfle spec-

tr(ll~~ chirps to a longer wnvciel~Ft II m-corclillg to tile lwak of the cl~irpillg spect rlill].

Figllre ? SI1OWStl~e driver F M H function of syllcl]rotrm Irllgtll L,u,,~ ~ AS

tile rllirpil~g term chirps ill Ihe wnvt=lwlgl 11 mx-ordillg to tllc syllcllrot roll lPIIgt 11,

its peak trncm the spc,’t r~lln of tile strit imlary troll], ‘1’lle t=fTect 0[ t I]e sidetmld

grad~lally il]crt=i~ses and Iwaks at ZLU,lU ~~f~~pllti, wllell tll~ ilitetlsity l)~c~llles lqvr,

II



the stationary drivil~g term reduces and I>ecomes zero at LWi~ = L,YnC, Successive

peaks are ~t Luig = L8vnC (n+ ~). The displacement of wavchmgtl, caIIserl 1)~

chirping for a sidelmnd fronl AP, defined as ~, is ol]tained I>y using IIq. (14):

b/\L8id~= ~W z
—= —

\ L iv’
(19)

1P Jvnc

where z s LW/L, vnC and N is the numt~er of periods in an uml ulator. The factional

wavelength separation between successive peaks is Aw/L, vnC, Because the spectrum

ha a shape *, the wavelel~gtll of successive local l]eaks of the driver can l~e

obtained by solving z — tan z = O. Definiug ALO as the resonant wavelellgtll, t lle

rela[ion between z and laser wavele@h ;\L is given

/\L =
IJ LO

l+zn;’” ‘
Wnn

IJy

(20)

6. Comparison of local spectral peaks between numerical mi:nulation and

the theory for an untapered undulator

In tl:e previous section, we have derived several clmracterist ics of the sicle-

I)allcl f~r all ulltapered ~lndu!at,or. Wc now compare t l~e local peaks of tl~e spect rn

obtained fronl the llull~erical simululim] t.wing FELP and the local peaks calculated

frol]l the analytical expression, We simuiatc the multipass process using ~lle code

FELP with tllc assumptions: ( 1) cavity loss is set to zero, (2) the electric firld is

driven willl rnndoln noise at the first prim, aid (3) tile aseunled mlclulator is of

the Halbach type, [2] We run the code FELP under the periodic mode where tl~e

hounclary conditions for botli the clectroll 1.w3~llI and tllchwer arc assullid pcriuflic,

TIIC il~itial cw~ditimls nre shown ill tlw ‘1’al)lc 1, ‘1’lw resmmllt wavrlmlg( 11,\~, nilvr

illcludil~g tlw effect of C~nusfiiall-wave, is cdculatec! 10 he 10.14 pill.

0. Wavelength shift of the spectrum for the chirping term

12



driving spectra, can be rewritten in terms with wavelength using Eel. (11) m

Au, CJ=c

*; = ~ Lay.. ‘
(21)

where AL and AW are laser and ulldldator wavelengths, The l~er wavelength e fter

the shift, is then expressed as

\~ncwL=~L
‘ (1-:*) “’L(,...;*) ‘

(22)

where N is the nulnl>er of periods in the undulator ( = ~ ) and the index v can
w

be either + 1 or -1. With respect to resonwlt I-er wavelength ,\L = 10.14 pm,

the wavelength shift 6AL is approximately linear in ~, as shown ill Fig. J. For

example, the wavelength shifts by 0.3 pul at L,vnt = Luvig.

As the power present in the FEL cavity increues, tile synchrotrons length

decreases. Assuming a no-loss cavity, Fig, 4 shows the number of synchrotrons

periods in an undulator length plotted as a function of powrr. At 1 C:W power,

about two synchrotrons oscillations take place in the undulator. For this no-loss

system, it takes al~out 100 p~.ses to reach 5 GW with the FELP code, The pass

number is plotted against the power in Fig, 5. The intensity was assmlecl to he 10A

W/cnJa at the entrance to the unclulutor.

7, The si jebands by the stationary term and by the

Iu the following argu]uent,, we igl]ore the dependence

chirping term

on tlheelectron rlistri -

butim and tile laser plmse because they me not obtainable analytically ill terlns of

sinlple expressicum. E[owever, they affect tle rchdlive strcllgtll 11’tlIc clrivillg tlerllls;

t.llat is, they enl~b!lce the chirping sidelm)d drivers.

III the numerical simlllmtioll, we take slmpshota of the laser electric Iit’1(1slm’-

trulll at Pam 1, Pass 7, Pass 20, Pmw 100, RIICI Pass 200. Tlw growth of t Iw

si(lelmll(ls is mmcinted wi(ll tlm syllcl]rotroll It’llg(h aIId the wnvrlellgt 11cllirl)o ‘1’lit=

Ia.ser .91)ectrll111 at Pw9 1 is slmwn ill

gnin is nl)o~lt IO(). The syl]cllrotroil



0.1. The wavelength shift is 0.014 pm. The peak of electric field amplitude is at

10.18 pm, the sidcknd with a m phase sliift is seen at 10.10 ~f.n~. All Imllgll it is Iw)t

clear, we also see that the sideband near 10,33 pm is rising. At this Isser power,

three driving spectra are well overlapped, as was shown in Fig. 1.

The laser spectrum at Psm 7 is shown in Fig, 7, The optical power is 6,s7 x

107 W, and the gain per pass is nhout 30%. The ratio ~ is 0.997. It has a

peak at 10.2 ~m). We observe local peaks at 10,34 pin and d 10,48 ~ttn, Also

there is a weak local peak at 10.05 pm. To interpret these local peaks from FELP

simulation, we calculated the local peaks of the stationary term and the chirping

terms, Figure 8 compares the positions of the local peaks: from the stationary

spectrum (Case 1), from the spectrum chirping to longer wavelength (Cwse 2),

from the spectrum chirping to shorter wavelength (Case 3), and from the FELP

calculation (Case 4), The reocmant wavelength is Iaheled by CO, the ccllters of

chirping spectra are labeled by C. The numerical resolution is shown as horizontal

arrows at points for Case 4. All the local peaks of FELP lie on one m another

of Lhe predictions from the driving terms, showing that the weak I{wal peak at

10.05 ~nl is dri:en by the term that chirps to shorter wavelength, Ot.hm local ptmks

from FELP coincide with the local penks cf the driving terin~. Dccausc t Iley nrc

rq>proxinmte]y at the same wnvelcngths, we cannot i(lrnt ify which term is driving

the peaks. We note that eevcral sidebands are ulrrndy ol)servwl rd. syld~ro( ron

length approximately equal to the umlulator length,

The chir:)ing tmm d Pass Xl chirped AA -= 0.239 )illi aid A\ ~~~.0.228 lill~.

The sl d imlnry term and the term chirped to kmger wavelength urc drown in Fi~, f);

the stutiunary trrm nnd the tcrnl chirped to shcrtm whvclcngtli nrr sh~lwll ill Fiui 10.

Tlie lnscr nml)lit~dc upert.ruin hnn n nlllld~er of lord lxmkm, M RIIIwvli ill li’i~, I I,

‘1’l]e optical power in !5.4 x 1(.)” W, nml t.lw guiu pm pnss i~ A[)llt !Jt[)%l ‘1’lm rut il~

~~~~ is 1.69 mml Imn n peak nt I[),4! Iml, We olmrvr n I]ilmlwr of hwnl prnks.

All tlm lord Imnkti frol]l F’lll,l> nrr nlIowII ill Fig, I Z FM t!Mr 4 t.[@hm wit II t Iw

Iocml peaks frml~ tlw Ntntirmnry term UIM1the chirl)illg trrlll~. l~i~~lrr 12 MIN)WH( Imt

the statioiimy tmln explnillM nll of t IN* lmk~, I)llt t hr term t*liirpillg tl) n Ifmgrr

I 4



wavelength predicts well near 10.2 ~{m. We note that the chirped center of the

term to longer wavelength is almllt 10,11 ~~m, and this is approxilllat~’ly close 10 t Ile

weighted center of the FELP sl~ectrum.

The chirping term at Pass 100 chirl)ed A/\ = 0,436 pin, MKI A,\ = -0.402 pIII.

The st.at.ionary term and the term chirped to a longer wavelellgt 11 are shown in

Fig. 13; the stationary term and the term chirped to a snorter wavelength are

shown in Fig. 14. Tile l~er amplitude spectrunl developed more local peaks, as

shown in Fig, 15, The optical power is 5.54 x 109 W, and the gain per Imss is

about 1, l’7~o. The ratio :4 is 3.02. Figure 15 has two dolliinant peaks: atmvnc

10.48 pm and at 10.93 pin, Figure 16 SI1OWSall the local peaks from FELP and

the predicted positions of local peaks, At the short wavelength near 9,6 j~m, the

waves w~..h phase shifted by n are driven either hy the stationary tmn: or I}y the

term chirped to a shorter wavelength. At the local peaks with a long wavelengt 11

near 11,5 Am, the local l~e~ks I)y F13LP call be explained witli the term chirped to

a Iongcr wavelength. We also notice tlmt llle center of the ternl cllirld to a longer

wavelength is at 10.58 pnl, whic]l is approxinlately at tile weiglltcd center of t.lle

electric-field cpect. rum.

At Pus 200, the chirping terlll

--0.488 j~l~l. Tile stationary term al~cl

c]lirpecl by A,\ = 0.540 pn~ M1(I A.\ ==

the term chirped to a Iullgcr wavelcllgtl~

15



8. Conclusion

The analytical theory ljredicts that tile driving ternis of sidel~a]l(ls generated

in the untapered undulator are classified iuto two categories: ( 1) tile stationary term

t Ild is present, even ill the al]sence of synchrotrons oscillations and (2) the chirl>ing

terms that are driven by the synclwotroll oscillations, The relative waveleng[ h

separation of the sidebands is cleterll]ined hy the ratio of the unclul..hr wavelength

to the synchrotrons Icugth for lIotlI types of sidebands. The frequencies of tile

chirping ternls degenerate froll~ the statimlnry term in opposite direct ions from t Ile

resonant frequency as the intensity of the Iuser increases. The siclelmnd spectrull~ at

a particular Icwr intensity is a result of a superposition of stationary and cllirpil]g

sideband drivers,

The numerical silnulutioll of sirlel]ands agreed well wit 11the analy ticnl predic-

tion of tl~e local peaks of tl~e spectrtllll, III t Ile numerical siululation, laser spectra

are calculated hy taking snapshots at !mss numbers up to zOO, For each sn(lpsllot,

we calculated the syl~chrotrol~ iengtll and t.l~e freqllency shift. of the driving tcrnls.

We calculat,cd all tile local lmaks as predicted hy tile three driving ternls ~t cncl]

il~tensit,y. We then compared Ihosc peaks wit h tile local peaks obt.aine~l fron~ t Ile

l~unlerical sil~lulation. For nll tl)c passes wlwre snapslmts were tukcn, tlmy ngrecd

well,
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Fig, 2, The stationary driving term is periodic as a function of ~,
~u-c

Fig. 3, The wavelength chirp of the chirl:il~g term is llroportional to the factor &.

Fig. 4, Tl~e inverse of tile syllchrotron period is sllowl~ as a function of laser power in a

no-loss cavity.

Fig. S, The Imss uuml>er is SIIOWII as a fullct,ion of laser power ill a I1O-1OSScavity,

Fig. 6. The laser spectrum at Pass 1.

Fig, 7. The laser spectrum at Pass 7 shows that sidebands start appearing.

Fig. 8. The local peaks of the stationary driver and tl~e chirping drivers are con~parm.1

witl~ a ntlmcrical silnulatioll (FELP) at pass ~.

Fig, 9, The term cl~irl)ed to a longer wavelength is shown with res~~ect to tl~c stationary

term at Prw9 20.

Fig, 10, The tern] chirped to a slmrt.er wavrlcngtll is showl] witl~ respccl to t l~e stat iolltwy

ternl at Pam 2(.).

Fig. 11. “1’llelaser spectrul]l at Pass ‘M shows a nunlt]er of sidcl~ands,

Fig. 1’2, At Pnrw 2[), the Iocd sidelmlld pe~ks from FELP sinllll~t iml cnn Iw exlllnilled by

the shdriolmry tjerlll.

Pig. 13, Tile tmvll chirpr[l to n Iol]gvr wnvclrl@ll is slmwll wit 11reslwct to I Ile St d ioilnt-y

trrlll nt Pmw 100,

Fig. III, ‘1’lle Irrili cllirld to m sll~mtrr wnvrl(’llgt 11i~ ~ll(~wll with rrslmcl to ( II(’ s! nl i{~llul’,v



Fig. 16. The loca! peaks of laser spectrum from numerical simulation ( FELP ) are

predicted from tile local peaks of Illree driving terlns at Pws 100.

Fig. 17, ‘Ile term chirped to a longer wavelength is shown with respect to the stationary

term at Pass 200.

Fig. 18, The term cllirpcd t.o a snorter wavelrngtll is shown with respect to lhe stationary

term at Pass 200,

Fig. 19. The l~er spectrum at Pass 200,

Fig. 20. At Pass 200, the term chirped to a longer wavelength explains the long wavelength

end of the FELP local peaks, At the short, w~vclcn ‘h end, either the stationary or the

term chirped to a shorter wawlengt 11explains the numerical sinmlat ion,

Table 1

Electroiwbeam peak current 160 A

Electron-beam energy (y -- :,1) 4.18

Unclulator field 3 kG

Undulntor length 200 Cnl

Undu!ator wavele~@l~ 2.73 cm

Rnyleigh renge 40.6 Cnl
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